Selenium (Se) is an essential element for many organisms but is toxic at higher levels. CpNifS is a chloroplastic NifS-like protein in Arabidopsis (Arabidopsis thaliana) that can catalyze the conversion of cysteine into alanine and elemental sulfur (S 0 ) and of selenocysteine into alanine and elemental Se (Se 0 ). We overexpressed CpNifS to investigate the effects on Se metabolism in plants. CpNifS overexpression significantly enhanced selenate tolerance (1.9-fold) and Se accumulation (2.2-fold). CpNifS overexpressors showed significantly reduced Se incorporation into protein, which may explain their higher Se tolerance. Also, sulfur accumulation was enhanced by approximately 30% in CpNifS overexpressors, both on media with and without selenate. Root transcriptome changes in response to selenate mimicked the effects observed under sulfur starvation. There were only a few transcriptome differences between CpNifS-overexpressing plants and wild type, besides the 25-to 40-fold increase in CpNifS levels. Judged from x-ray analysis of near edge spectrum, both CpNifS overexpressors and wild type accumulated mostly selenate (Se VI ). In conclusion, overexpression of this plant NifS-like protein had a pronounced effect on plant Se metabolism. The observed enhanced Se accumulation and tolerance of CpNifS overexpressors show promise for use in phytoremediation.
Selenium (Se) is an essential micronutrient for animals and bacteria but becomes toxic at higher concentrations. Accumulation of Se in the environment has been reported to be a cause of toxicity in aquatic organisms (Ohlendorf et al., 1988; Hamilton, 2004) , livestock (Fessler et al., 2003) , and humans (Hira et al., 2004) . Selenate (SeO 4 22 ) is the most common soluble form of Se found in terrestrial systems. Seleniferous soils (.2 ppm Se) commonly found in the western United States arise from the weathering of Se-rich shale rock.
Se is essential for mammals and bacteria, where selenocysteine (SeCys) is an essential component for the formation of selenoenzymes such as glutathione peroxidase, a free radical scavenger (Stadtman, 1990) . A diet enriched with Se can reduce the risk of cancer in humans (Ip et al., 2002) . Thus, plants enriched with anticarcinogenic selenocompounds have enhanced nutritional value (Ellis et al., 2004) . Whether or not Se is essential for higher plants themselves remains unproven. However, the green alga Chlamydomonas reinhardtii, which shares a common ancestor with land plants, was shown to contain selenoproteins. Labeling of C. reinhardtii cells with 75 Se revealed four Se proteins, one of which is a glutathione peroxidase, thought to ameliorate oxidative stress (Novoselov et al., 2002) .
Although certain plants tolerate and (hyper)accumulate Se to high concentrations (up to 0.5% of dry weight), generally Se uptake into plant tissue is thought to be inadvertent and potentially toxic (Anderson, 1993) . The toxicity of selenate is thought to be due to its chemical similarity to sulfate, and, as such, proteins involved in sulfate transport and sulfur (S) metabolism can act on analogous Se compounds (Terry et al., 2000) . When selenate is assimilated via the sulfate assimilation pathway, Se can be incorporated into the S amino acids Cys and Met, leading to the formation of SeCys and selenomethionine. The nonspecific incorporation of SeCys into proteins causes toxicity (Stadtman, 1990) .
Attenuating the toxic effects of Se is of concern for public health and agriculture. Plants with enhanced Se tolerance and accumulation may potentially be used for environmental cleanup (Bañ uelos et al., 2005) . Several strategies have been used successfully to breed plants with enhanced Se tolerance and accumulation. Nonspecific incorporation of SeCys into proteins can be prevented by methylation of SeCys into nonprotein selenoamino acids via the enzyme SeCys methyl transferase (SMT; Neuhierl and Bö ck, 1996) . Overexpression of this enzyme from the Se hyperaccumulator Astragalus bisulcatus in Arabidopsis (Arabidopsis thaliana) or Indian mustard (Brassica juncea) enhanced Se tolerance and accumulation (Ellis et al., 2004; LeDuc et al., 2004) . Methylation of selenomethionine and SeCys can lead to the formation of volatile selenocompounds, another potential detoxification mechanism (Terry et al., 2000) . Overexpression in Indian mustard of cystathionine-g-synthase, the first enzyme in the conversion of SeCys to volatile Se, led to increased levels of dimethylselenide production and increased Se tolerance (Van Huysen et al., 2003) . Overexpression of the key enzyme of the sulfate assimilation pathway, ATP sulfurylase, led to enhanced selenate reduction, Se accumulation, and Se tolerance (Pilon-Smits et al., 1999) . In another study, barley (Hordeum vulgare) plants overexpressing thioredoxin h were capable of tolerating and accumulating more Se when grown on selenite (Kim et al., 2003) perhaps due to enhanced reduction of selenite to elemental Se (Se 0 ). In another approach to prevent Se incorporation into protein, a mouse gene expressing a SeCys lyase (SL) was introduced into Arabidopsis and Indian mustard Pilon et al., 2003) . The enzyme proved capable of reducing the amount of Se in protein, probably by cleaving SeCys into alanine and Se 0 . The plants accumulated more Se when the gene was overexpressed in either the cytosol or the chloroplast, but tolerance to Se was enhanced only when expressed in the cytosol.
Recently, a chloroplastic protein, CpNifS, was discovered in Arabidopsis that has both Cys desulfurase and SL activity (Pilon-Smits et al., 2002) , and thus potentially affects both S and Se metabolism. CpNifS can provide the necessary S to form iron (Fe)-S clusters for ferredoxin by cleaving Cys into elemental S and alanine (Ye et al., 2004; Abdel-Ghany et al., 2005) , and possibly has a role in providing the elemental S for other S metabolites such as thiamine, in analogy with bacterial systems . However, the activity of this enzyme toward SeCys is almost 300 times higher than toward Cys (Pilon-Smits et al., 2002) , suggesting CpNifS may affect plant Se metabolism as well. Since CpNifS converts SeCys into alanine and Se 0 , this enzyme may prevent Se incorporation into protein, which should protect plants from Se toxicity.
In this study, we overexpressed CpNifS in Arabidopsis to study the effects on Se and S metabolism. The effects on Se metabolism were explored by determining the ability of the transgenic plants to tolerate and accumulate Se, and the metabolic fate of the accumulated Se. Microarray analysis was performed to more fully understand how overexpression of CpNifS may affect Se tolerance and accumulation, and to investigate the transcriptome changes that occur when plants are grown on selenate.
RESULTS

Generation and Characterization of Transgenic Lines
The CpNifS cDNA, including its plastid targeting sequence (Fig. 1) , was constitutively expressed in Arabidopsis. The CpNifS protein expression level in the transgenic plant lines obtained was tested by immunoblotting using antibodies raised against purified CpNifS. A protein (43 kD) of the expected size for the mature protein after cleavage of the transit sequence was present at much higher levels in shoot and root tissues of the CpNifS lines ( Fig. 2A) compared to wild type. The degree of overexpression varied among the CpNifS transgenic lines. In general, CpNifS expression was higher in shoot than root tissue in the transgenics, despite the use of the constitutive promoter ( Fig. 2A) . Transgenic lines CpNifS38 and CpNifS55 were chosen for further analysis. Judged from digital imaging, these two lines contained about 23-fold higher CpNifS protein concentration compared to wild type in the shoots. In root material, CpNifS levels were roughly 8-fold higher in the transgenics. To verify the localization of CpNifS in the chloroplasts, a western-blot analysis was performed on isolated chloroplasts from wild type, CpNifS38 and CpNifS55 (Fig. 2 , B and C). The level of CpNifS protein in all plant types was slightly lower in the chloroplasts compared to homogenate, when compared on a chlorophyll basis. Since CpNifS was shown earlier to be chloroplastic (Pilon-Smits et al., 2002) , some of the stromal proteins may be lost due to leakage in this procedure. The fraction of CpNifS in chloroplasts was similar in CpNifS55 compared to wild type, but somewhat lower in CpNifS38. Thus, it appears that the majority of the overproduced CpNifS was indeed targeted to the chloroplast, but it cannot be excluded that some of the protein was mistargeted, especially in CpNifS38. 
Effects of CpNifS Overexpression on Se and S Metabolism
Since CpNifS can convert SeCys into Se 0 and alanine, thereby potentially preventing the toxic process of nonspecific incorporation of Se into protein, we wanted to test whether CpNifS overexpression affects Se tolerance. The ability of the CpNifS overexpressors to tolerate selenate was investigated by measuring root growth on media with or without 40 mM selenate. The transgenics CpNifS38 and CpNifS55 had 1.7-to 2-fold longer roots after 10 d of treatment on selenate compared to wild type (P , 0.05; Fig. 3) . Interestingly, the CpNifS transgenics did not show enhanced selenite tolerance (data not shown). There were also no differences in root length between wild-type and transgenic plants grown on control (Murashige and Skoog [MS] ) media (Fig. 3) or on media supplied with cadmium or chromate (data not shown), indicating that CpNifS overexpression enhances selenate tolerance and the observed effect is selenate specific.
To determine if CpNifS overexpression alters Se accumulation, seedlings of wild type, CpNifS38, and CpNifS55 were grown on medium with 40 mM selenate. Transgenic plants accumulated more Se in shoot and root tissues than wild type (P , 0.05; Fig. 4a) ; the Se concentration in shoots was 2-to 3-fold higher in transgenics compared to wild type. The Se concentration in the shoots exceeded that in the roots for all three genotypes, agreeing with previous results that plants readily translocate Se to the shoot when supplied with selenate (de Souza et al., 1998; Pilon et al., 2003; LeDuc et al., 2004) . Interestingly, the translocation of Se (the ratio of shoot Se to root Se) was more than 50% higher in CpNifS38 and CpNifS55 compared to wild type (P , 0.05; Fig. 4a ).
The observation that CpNifS overexpressors are more tolerant to Se, yet also accumulate more Se, suggests that their tolerance mechanism does not involve Se exclusion by the plant. Rather, overexpressors may have altered Se metabolism, resulting in accumulation of less toxic Se forms, or altered Se compartmentation. We hypothesized that these transgenics were better able to tolerate selenate because they are capable of shuttling Se away from protein incorporation by breaking down SeCys into Se 0 and alanine. To test this hypothesis, the amount of Se in protein was determined. Indeed, the CpNifS transgenics incorporated approximately a third less Se in protein than the wild-type plants (P , 0.05; Fig. 5 ). Since nonspecific incorporation of Se into proteins is toxic, the capacity of the CpNifS overexpressors to prevent this toxic process likely caused the observed increased tolerance to Se.
Micro x-ray fluorescence (mXRF) mapping and micro x-ray absorption spectroscopy (mXAS) were used to determine and compare the Se speciation in the leaves of wild type and the highest CpNifS overexpressor, CpNifS55. In addition to Se located inside cells, both plant types clearly show abundant levels of Se in their vascular tissue (Fig. 6, left) . Judged from x-ray analysis of near edge spectra (XANES), there were no major differences between the transgenic and wild type with respect to the oxidation state of Se (Fig. 6, right) . Both lines contained predominantly selenate with a small fraction of more reduced Se, as indicated by the shoulder at 12,660 eV. This possibly was an organic Se species (Pilon-Smits et al., 1999) , Se 0 or selenite. Judged from linear least-squares fitting to the three references, on average the fraction of Se present as selenate was 70% for wild type and 66% for CpNifS55. The chemical form of the remaining, more reduced Se cannot be determined with certainty from this limited number of references, but the fraction of more reduced Se may be a bit higher for CpNifS than for wild type, judged from the slightly more pronounced shoulder at 12,663 eV (Fig. 6 ) and the corresponding least-squares fitting analysis described above.
CpNifS can act on both Cys and SeCys, and as such its overexpression may affect both S and Se metabolism. Accumulation of S was therefore also analyzed. Under control conditions, CpNifS38 and CpNifS55 had higher levels of S in shoots, but not in roots, compared to wild type (P , 0.05; Fig. 7a ). Additionally, CpNifS overexpression led to an increase in tissue S concentration in both shoots and roots compared to wild type when grown on selenate ( Fig. 7b) , suggesting a stimulating effect of CpNifS overexpression on S uptake. Selenate treatment also enhanced S uptake; compared to accumulation of S on control media, more S was accumulated in the shoots of all three genotypes grown on selenate.
Microarray Analysis
GeneChip arrays (Affymetrix) were used to identify differences in Se-related transcriptome responses between CpNifS overexpressors and wild type, and to determine how growth on selenate changes the transcriptome of Arabidopsis. Transcriptome profiling was performed on roots of wild-type, CpNifS38, and CpNifS55 plants that were grown from seed on halfstrength MS agar media with and without 40 mM selenate for 10 d.
We chose to focus on root tissue because we found clear differences between CpNifS plants and wild type with respect to root growth. Also, the transgenics differed in Se and S uptake and translocation, and we hypothesized that there would be differences in the expression of root sulfate transporters involved in sulfate/selenate uptake into the root symplast and the root xylem.
The microarray experiment confirmed the overexpression of CpNifS in the transgenic plants. Line CpNifS38 showed a 27-fold increase in CpNifS expression, and CpNifS55 had 40-fold higher CpNifS mRNA levels compared to wild type on control medium (Table I) . These data confirm the overexpression observed at the protein level (Fig. 2) . CpNifS transcription levels were not affected by the selenate treatment in wild type, i.e. the endogenous transcript level of CpNifS was not affected by selenate (Table I) . However, preliminary results (H. Ye, M. Pilon, and E. Pilon-Smits, unpublished data) indicate that CpNifS is up-regulated by selenate at the protein level.
In both the wild type and CpNifS overexpressors, selenate treatment had a pronounced effect on the root transcript level of many genes involved in sulfate uptake and assimilation (Table II) . Sulfate transporters were generally up-regulated when grown on Se, particularly SULTR1;1, SULTR2;1, and SULTR4;2. SULTR1;2 and SULTR4;1 were also up-regulated by Se. In the primary S-assimilation pathway, several ATP sulfurylase genes (APS1 and 3), APS reductase genes (APR1, 2, and 3), O-acetylserine (thiol) lyase (Bsas4;2), Ser acetyltransferase (Serat3;1), and a putative cystathionine g-lyase (At1g64660) were up-regulated by selenate in all plant types. S-related genes that were down-regulated on selenate include APS2 and 4, an O-acetylserine (thiol) lyase (Bsas1;4), and g-glutamylcysteine synthetase (GSH1). A homocysteine S-methyltransferase (HMT-3), homologous to the SMT of the Se hyperaccumulator A. bisulcatus (Neuhierl et al., 1999) , was differentially regulated by selenate in wild type compared to the transgenics. While in wild type the HMT-3 transcript levels were not affected by Se, they decreased 2-to 3-fold in CpNifS plants. Apart from HMT3, a few other genes were differentially regulated by Se in the CpNifS roots compared to wild type (Table I) . Other potentially Se-related genes that were regulated by selenate are two homologs of Se-binding proteins (At3g23800 
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Plant Physiol. Vol. 139, 2005 and At4g14030/At4g14040; Table II ). Both were regulated approximately 2.5-fold by Se treatment in all plant types. However, At3g23800 was down-regulated while At4g14030/At4g14040 was up-regulated.
DISCUSSION
Overexpression of CpNifS, a NifS-like chloroplast protein with SL activity, resulted in 2-fold enhanced tolerance to selenate and 2-to 3-fold higher Se accumulation. Because CpNifS mediates the breakdown of SeCys into alanine and Se 0 , we hypothesized that the transgenic plants increased selenate tolerance because of decreased SeCys incorporation into protein. Indeed, the transgenics showed significantly reduced incorporation of Se into protein. Therefore, this NifS-like endogenous plant protein clearly affects plant Se metabolism when overexpressed.
The CpNifS transgenics showed enhanced tolerance to selenate but not to selenite. This may be because the conversion from selenate to selenite is a very slow and rate-limiting step in Se assimilation, especially in Arabidopsis (de Souza et al., 1998; Pilon-Smits et al., 1999; Ellis et al., 2004) . The slow production of SeCys in selenate-supplied plants may enable the CpNifS protein to keep up with its detoxification, preventing it from being incorporated into protein. Selenitesupplied plants were shown to quickly convert all Se into organic Se species (de Souza et al., 1998) , and this flood of SeCys may have saturated the detoxification capacity of CpNifS in the transgenics.
In a previous study, a mouse SL was expressed in Arabidopsis . When this mouse SL was expressed in the cytosol, the plants showed enhanced Se tolerance, but when expressed in the plastids the plants became less tolerant to Se. It was speculated that the produced Se 0 may replace elemental S and interfere with Fe-S cluster assembly in the chloroplast. It is intriguing that overexpression of the mouse SL in the chloroplast decreased Se tolerance while overexpression of this endogenous Arabidopsis SL enhanced Se tolerance. This could be due to different SeCys/Cys substrate specificities of both enzymes. In vitro CpNifS showed a 300-fold higher activity toward SeCys compared to Cys, while the mouse SL had 5,000-fold higher activity toward the Se substrate (Esaki et al., 1982; Pilon-Smits et al., 2002) . Also, there may be regulatory mechanisms in the chloroplast that modulate CpNifS (but not mouse SL) activity toward both substrates. These may allow CpNifS to protect against both Se incorporation into proteins and Fe-Se clusters. Finally, it cannot be excluded that not all CpNifS was targeted to the plastids in the transgenics, but that a small fraction was present in the cytosol, leading to a phenotype similar to that found when the mouse SL was expressed in the cytosol.
Another difference between the transgenics overexpressing the mouse SL in the chloroplast (cpSL) and the CpNifS transgenics described here was that the mouse cpSL plants did not show any difference in Se accumulation from selenate, while the CpNifS plants did. Again, this could be due to different SeCys/Cys substrate specificities of both enzymes. The mouse SL has negligible activity toward Cys, in contrast to CpNifS (Esaki et al., 1982; Pilon-Smits et al., 2002) . Perhaps the increased uptake of selenate and sulfate are correlated with the breakdown of Cys.
CpNifS diverts Se away from protein incorporation, and it was hypothesized that this mechanism may allow transgenic plants to accumulate a different form of Se (e.g. Se 0 ) compared to wild type. Indeed, there appeared to be a slightly higher fraction of more reduced Se in the transgenics judged from mXAS analysis. However, the majority of Se was present as Se VI in both wild type and CpNifS transgenics. It is possible that there was substantial accumulation of Se 0 in the plastids, but this was masked by the abundance of selenate in other cellular compartments. In addition, the elevated S levels in the CpNifS transgenics may have contributed to their enhanced selenate tolerance, as they would allow S in cells to compete more successfully with Se for incorporation into S compounds.
In both wild type and CpNifS55, Se appeared to accumulate predominantly in the periphery of the cells and in the vascular tissue. The resolution does not enable us to discern between the cell wall, cytosol, or plastids, but it does not appear that Se was accumulated in the vacuoles. The high Se concentration in the vascular tissue may indicate that uptake into the shoot symplast was a limiting factor for Se accumulation in the leaf under these conditions.
Overexpression of CpNifS resulted in enhanced accumulation of both Se and S in selenate-treated plants; S was also accumulated more in shoots of CpNifS transgenics than in wild type under control conditions. This suggests that the breakdown of (Se)-Cys enhances selenate and sulfate uptake. The enhanced Se accumulation in the CpNifS transgenics does not appear to be caused by more pronounced upregulation of sulfate transporters at the transcriptional level, at least not in the root, since the levels of upregulation were similar to wild type. Still, it is possible that S and Se fluxes through the plant differed in wild type and CpNifS transgenics via regulation at the protein level, or via differences in shoot transcription levels or transcriptional differences in certain cell types.
In all plant types, S levels were higher in selenatetreated plants compared to control plants, which can be explained by the observed up-regulation of various sulfate transporters. A similar up-regulation of sulfate transporters as well as of genes involved in sulfate assimilation (Leustek et al., 1994; Gutierrez-Marcos et al., 1996; Setya et al., 1996) and Cys synthesis (Hatzfeld et al., 2000; Kawashima et al., 2005) was observed in earlier studies where plants were subjected to S deficiency (Takahashi et al., 1997 (Takahashi et al., , 2000 Yoshimoto et al., 2002; Maruyama-Nakashita et al., 2003 Kataoka et al., 2004) . Thus, selenate may be perceived by the plant as S deficiency, or even cause deficiency of certain S-containing metabolites. As mentioned above, the higher S levels in the CpNifS transgenics compared to wild type on Se may provide the plants with an additional mechanism to alleviate stress.
The discovery that an endogenous NifS-like protein with SL activity can affect plant Se metabolism is intriguing, in view of the current thought that Se is not an essential micronutrient for higher plants, as opposed to the green alga Chlamydomonas (Novoselov et al., 2002) . The SL activity of CpNifS may be an evolutionary relic of essential Se metabolism or an unavoidable side reaction of a protein with Cys desulfurase function. It is feasible that in some species CpNifS has a function in Se metabolism by preventing nonspecific Se incorporation into protein, rather than providing Se 0 for essential selenoprotein synthesis like it does in mammals and bacteria (Stadtman, 1990; Mihara and Esaki, 2002) . However, this is probably not common as there are not many natural areas in the world where plants experience Se toxicity. Incidentally, the preference of CpNifS for SeCys over Cys may not be as pronounced in planta as it is in vitro (300-fold). Recently, a SufE-like chloroplast protein was shown to stimulate the Cys desulfurase activity of CpNifS 40-fold in vitro and to increase its affinity toward Cys 2-fold (H. Ye, S. Abdel-Ghany, E. PilonSmits, and M. Pilon, unpublished data). This protein likely regulates CpNifS activities toward its Se and S substrates in vivo. Microarray analysis indicated that, apart from CpNifS, only the SMT homolog HMT-3 and a few other genes were differentially regulated by Se in the CpNifS roots compared to wild type. The higher CpNifS levels may explain the enhanced Se tolerance via prevention of Se incorporation into proteins, as discussed earlier. It is not known whether the HMT-3 protein has SMT activity. Higher SMT activity would be expected to also shuttle Se away from incorporation into proteins, via methylation of SeCys (Neuhierl et al., 1999; Ranocha et al., 2000) . The HMT-3 levels were higher under control conditions in CpNifS roots than in wild type, but decreased in response to selenate in the CpNifS plants and not in wild type. Thus, HMT-3 did not appear to contribute to the enhanced Se tolerance in the CpNifS plants. None of the other differentially expressed genes offer an obvious explanation for the higher Se tolerance or accumulation properties of the CpNifS transgenics, but for many of them their functions are not quite known. Thus, from what is known currently it appears that CpNifS affects Se tolerance and accumulation directly rather than via pleiotropic effects on other transcript levels, illustrating the importance of this gene for selenate tolerance. However, as mentioned, it cannot be excluded that there were additional transcriptome differences in the shoot that caused the enhanced tolerance and accumulation in CpNifS plants.
In conclusion, overexpression of CpNifS mitigated Se toxicity and enhanced Se accumulation. The overexpression of CpNifS decreased the amount of nonspecific incorporation of Se in protein, allowing the transgenic plants to tolerate and accumulate more Se (Se) for 10 d, and transcriptomes of root RNA were analyzed using Affymetrix GeneChip arrays as described in ''Materials and Methods.'' Two sets of experiments (set 1 and set 2) were carried out separately to evaluate the reproducibility of the results. Genes showing more than 2-fold differences between the wild type and CpNifS overexpressors either on MS or Se conditions were selected by comparing the normalized signals and calculating their ratios, as shown in the NifS55/Ws and Nif38/Ws columns. The significance of the difference is represented by superscript letters, which describe the up and down effects of NifS overexpression on gene expression by fold change differences: a, .5.00; b, .2.00; c, .1.33; d, ,0.75; e, ,0.50. Regulation by Se (Se/MS ratio) is indicated using the same superscript letters. The absolute calls of each transcript (P, present; M, marginal; A, absent) are indicated on the right-hand side of the normalized values. The relative ratios are calculated for the pairs having ''present'' call at least in one sample. Table II . The effect of Se on S metabolism Genes encoding sulfate transporters and genes for the synthesis of Cys, Met, and glutathione were selected from the transcriptome data of wild-type (Ws) and CpNifS overexpressor (NifS55 and NifS38) plants, described as set 1 and set 2 in Table I . The data of 24 h no-S treatment (2S) and the control S-replete culture at the same time point (1S) appear as references (set A and set B; Maruyama-Nakashita et al., 2005; http://arabidopsis.org/info/ expression/ATGenExpress.jsp). Columbia-0 ecotype (Col) was used for the S limitation experiment. The up-and down-regulation by Se or by S limitation were calculated as relative ratios of normalized signals (Se/MS and 2S/1S), and displayed using the same superscript letters as in Table I Sulfate reduction 256835_at AT3G22890 ATP sulfurylase APS1 1.05 P 0.65 P 1.60 c 0.96 P 0.62 P 1.54 0.99 P 0.60 P 1.67 c 1.01 P 0.62 P 1.61 c 1.70 P 1.32 P 1.29 1.97 P 1.79 P 1.10 255785_at AT1G19920 ATP sulfurylase APS2 0.62 P 1.12 P 0.56 d 0.75 P 1.00 P 0.75 0.69 P 1.27 P 0.54 d 0.72 P 1.17 P 0.61 d 0.86 P 1.36 P 0.63 d 1.01 P 1.28 P 0.79 245254_at AT4G14680 ATP sulfurylase APS3
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MATERIALS AND METHODS
Overexpression of CpNifS
The CpNifS (At1g18490) coding sequence (Pilon-Smits et al., 2002 ) was cloned as a NcoI/BamHI fragment into pMOG18 (Sijmons et al., 1990 ) under control of the constitutive 35S cauliflower mosaic virus promoter, before transfer into the plant binary vector pBART containing the glufosinateammonium resistance marker. Sequence analysis confirmed the final construct in which the HindIII/EcoRI sites were replaced by NotI sites. The construct was then transferred into Agrobacterium tumefaciens (strain C58C1) and transformed into Arabidopsis (Arabidopsis thaliana; ecotype Wassilewskija [Ws]) using the floral dip method (Clough and Bent, 1998) . Glufosinateresistant lines were selected on half-strength MS (Sigma-Aldrich; Murashige and Skoog, 1962) light/8-h-dark cycle at 24°C). After 2 weeks, PCR analysis was used to confirm insertion of the gene construct by using 5#-ccttcgcaagacccttcctc and 5#-ggaagacagtttctcgtacaaat primers that hybridize to the 35S CaMV promoter and CpNifS sequence, respectively (Fig. 1) . Six lines showed the expected PCR product, while no PCR product was detected in the wild-type control (data not shown). The six transgenic lines were propagated to homozygosity and did not show any phenotypic differences compared to wild type on control media and on soil.
Immunoblot analysis was used to determine the degree of overexpression of CpNifS in the transgenics. Shoot and root proteins from plants grown on half-strength MS media were separated by SDS-PAGE and transferred to nitrocellulose by electroblotting. The CpNifS protein was immunodetected using polyclonal antibodies raised in chicken against CpNifS protein (PilonSmits et al., 2002) . Two transgenic lines, CpNifS38 and CpNifS55, were selected for further analysis. Protein concentration of wild type and the transgenics were determined using a desktop scanner and ImageJ imaging software (National Institute of Health; http://rsb.info.nih.gov/ij/).
Chloroplast isolation was performed as described by Rensink et al. (1998) from the two selected lines and wild type grown on soil for 3 weeks. A western blot was used to determine if CpNifS was localized to the stromal fraction of chloroplasts; 3 mg of chlorophyll were loaded per lane. Antibodies raised against plastocyanin were also used on blots from the same gel as controls for uniform loading.
Se and S Metabolism
Se tolerance was determined by measuring the root length of seedlings (n 5 30) grown for 10 d on vertical plates containing half-strength MS agar media supplemented with 1% (w/v) Suc with or without selenate (40 mM Na 2 SeO 4 ) as described by Pilon-Smits et al. (1999) . Total Se accumulation was assayed by growing seedlings (n 5 100) for 20 d on horizontal plates containing halfstrength MS agar containing Suc media with or without 40 mM Na 2 SeO 4 . Roots and shoots were harvested, separated, washed to remove any external Se, and dried overnight at 70°C. Samples from pooled root samples (n 5 3) and shoot samples (n 5 5) were then acid digested and analyzed by inductively coupled plasma-atomic emission spectrometry as described (Pilon-Smits et al., 1999) . Incorporation of Se in protein was determined in seedlings (n 5 300) grown for 14 d on agar medium supplied with 20 mM SeO 4 as described by Pilon et al. (2003) .
GeneChip Hybridization and Microarray Analysis
Plants were grown in a growth chamber for 10 d on vertical plates with or without 40 mM Na 2 SeO 4 . For each line, total RNA was extracted from the roots using the RNeasy Plant Mini kit (Qiagen). The technical manual of the Arabidopsis Genome GeneChip array (Affymetrix) was used in preparing the labeled target cRNA. Double-stranded cDNA was prepared from 20 mg of total RNA using the Superscript Choice system (Invitrogen) and transcribed in vitro using the BioArray High Yield RNA transcript kit (Enzo). After purification and fragmentation, the labeled cRNA was hybridized to an Arabidopsis Genome Chip Array containing more than 22,500 probe sets representing approximately 24,000 genes and placed in a Hybridization Oven model 640 (Affymetrix). Washing and staining of the chips were carried out using GeneChip Fluidics Station model 400. Scanning was performed with the Gene Array Scanner (Agilent Technologies), and the Microarray Suite 5.0 (Affymetrix) and Gene Spring 7.2 (Silicon Genetics) were used for data analysis as described (Maruyama-Nakashita et al., 2003; . Raw signals of each transcript were normalized with the median of all measurements on the chip, from which fold changes of signal intensities were calculated.
mXRF/mXAS
Whole-plant samples grown for 3 weeks on half-strength MS medium with 40 mM selenate were washed to remove any external Se, and shipped on dry ice to the Advanced Light Source at the Lawrence Berkeley Laboratory for analysis on Beamline 10.3.2 (Marcus et al., 2004) . Intact mature leaves were mounted using silicone grease to a Peltier stage and kept at 230°C to reduce radiation damage. Crude mapping of the Se concentration was performed on one representative leaf for each plant type, with a 16 3 7 mm beam sampled in 12 3 12 mm pixels, followed by fine mapping (5 3 5 mm beam, 3 3 3 mm pixels) on at least five selected areas per leaf, all at 12,859 eV. Se K-edge XANES was measured to determine the Se oxidation state at specific points in the fine map (Pickering et al., 1999) . A selenate solution was used as a calibration standard.
